ABSTRACT High voltage direct current (HVDC) transmission systems have been used for interconnection among multiple power grids. As a result, the conventional AC power systems are transforming into AC-DC hybrid power systems. In this paper, a parallel restoration method for AC-DC hybrid power systems is proposed. First, the effects of line-commutated-converter-based (LCC) and voltage-source-converter-based (VSC) HVDC systems on service restoration are explored. The startup characteristics of HVDC systems are analyzed. Second, an optimization model for service restoration of AC-DC hybrid power systems is developed, aiming at maximizing the generating power and minimizing the restoration time. The startup constraints of HVDC systems are incorporated into the proposed model. Third, a graph-theoretic algorithm is proposed to obtain a near-optimal parallel restoration scheme, verified by power flow calculations. An 11-bus test system is used to illustrate the effects of using HVDC systems for system restoration and a modified IEEE 39-bus test system is used to verify the effectiveness of the proposed parallel restoration method. The simulation results indicate that the proposed method can make full use of the benefits of HVDC systems, allocate cranking power flexibly during the parallel restoration, and reduce the restoration time.
I. INTRODUCTION
In the past few decades, major blackouts caused by extreme weather events, human errors, and cyber/physical attacks, have occurred worldwide, leading to huge losses. Effective power system restoration is significant to reduce the losses caused by major outages [1] - [3] , improving reliability and resiliency of power systems [4] - [6] . The primary goal of power system restoration is to restart the outage generating units as quickly as possible [7] , [8] . Generally, determining the startup sequence of generating units is regarded as an optimization problem with the objectives of minimizing restoration time, maximizing generating power, etc. Many methods, e.g., mathematical programming [9] , [10] , intelligent algorithms [11] , complex network theory [12] , and expert systems [13] , have been used to solve this problem.
With the extensive application of high voltage direct current (HVDC) transmission systems and renewable
The associate editor coordinating the review of this manuscript and approving it for publication was Zhiyi Li. generations, the power grid is now becoming an AC-DC hybrid system. However, the existing restoration strategies are mostly designed for AC power systems and have not explored the benefits and impacts of HVDC systems for service restoration:
• Using HVDC systems in the early stage can accelerate the restoration process. However, in the restoration plans of many utilities and Independent System Operators (ISOs), the restoration of HVDC is usually considered in the last stage [14] .
• The startup characteristics of HVDC systems have great impact on the feasibility of restoration plan and hence need to be analyzed.
• Parallel restoration, adopted by many utilities and ISOs, can accelerate the restoration process. HVDC systems can be used to coordinate subsystems to further improve the efficiency of parallel restoration. The fundamental question of utilizing HVDC for system restoration is how to start an HVDC without significant negative impacts on AC systems. The types of HVDC systems includes line-commutated-converter-based HVDC (LCC-HVDC) and voltage-source-converter-based HVDC (VSC-HVDC). Various startup methods of HVDC systems have been studied [15] - [21] . The startup characteristics of LCC-HVDC systems were analyzed in [16] , and a 70%-reduced-voltage startup mode was introduced. A pseudo-deicer startup mode of the LCC-HVDC system with low starting power was proposed in [17] . These methods can reduce the negative effects of starting LCC-HVDC systems. For VSC-HVDC systems, the starting power can be increased from zero to the rated value [18] . The application of VSC-HVDC is beneficial to power system restoration, e.g., charging no-load long lines, picking up loads, and absorbing reactive power [19] . Based on the actual power systems, suitable startup methods of LCC-HVDC and VSC-HVDC systems for service restoration were present in [21] .
Since HVDC systems are featured with fast regulation speed and high controllability, the utilization of HVDC systems in the early stage of service restoration can accelerate the restoration process [16] - [19] . An optimization model for power system restoration using LCC-HVDC systems was presented in [22] . The inertia time constant and short-circuit capacity were used to estimate the startup impacts of LCC-HVDC systems on the linking AC systems. The artificial bee colony algorithm was adopted to solve this optimization problem. In [14] , a multi-objective optimization model was formulated, whose objectives included maximizing the restoration efficiency and minimizing the cranking time and the starting power impacts of HVDC systems. The simulations indicated that using LCC-HVDC systems in the early stage can reduce the restoration time. However, the aforementioned methods are focused on LCC-HVDC systems located at the boundary of the outage system. LCC-HVDC systems within the outage system and VSC-HVDC systems are not considered.
Many utilities and ISOs adopt parallel restoration following blackouts [23] , [24] . A parallel restoration process for AC power systems generally consists of three stages: system partitioning, independent restoration of subsystems, and synchronization of subsystems [25] - [27] . Considering the difficulty of standing phase angle regulation and the restoration reliability, dispatchers usually use AC tie lines to reconnected different subsystems synchronously in the last stage of the restoration process [9] . The restoration process in each subsystem cannot affect other subsystems. Thus, the existing strategies for AC power systems rarely consider the coordination of subsystems during the restoration process. As a result, spare cranking power cannot be shared among subsystems during restoration, which may delay the restoration process of some subsystems due to lack of cranking power. Owing to the high controllability of HVDC systems, HVDC systems within the outage system can be used as the tie lines to link subsystems during the subsystem restoration process to share cranking power. HVDC can be used to reconnect different subsystems asynchronously. It saves restoration time and reduces reconnection difficulty. After reconnecting subsystems, the subsystems with spare cranking power can support the others via HVDC systems. The coordination of subsystems should be studied.
Based on the above discussions, this paper proposes a novel parallel restoration method for AC-DC hybrid power systems. The effects of HVDC the power system restoration are considered. The optimal startup sequence of generating units and HVDC systems are obtained. The major contributions are as follows:
• The effects of HVDC systems on power system restoration are analyzed, including HVDC systems on the boundary of and within the outage system.
• An optimization model to decide the restoration strategy for AC-DC hybrid power systems is developed. The startup characteristics of LCC-HVDC and VSC-HVDC systems are incorporated as constraints. A graphtheoretic algorithm is proposed to derive a near-optimal restoration scheme.
• Coordination among subsystems via HVDC systems is explored to accelerate the restoration process.
The remainder of this paper is organized as follows. Section II discusses the effects of LCC-HVDC and VSC-HVDC systems on AC-DC hybrid system restoration and presents the models of HVDC systems for service restoration. The optimization model and the graph-theoretic algorithm to generate the parallel restoration scheme are introduced in Section III and Section IV, respectively. Case studies and discussions are provided in Section V. The conclusion is given in Section VI.
II. EFFECTS OF USING HVDC SYSTEMS FOR SERVICE RESTORATION
In this section, the effects of HVDC systems on system restoration are discussed, considering HVDC systems on the boundary of or inside the outage system.
A. HVDC SYSTEMS ON THE BOUNDARY OF THE OUTAGE SYSTEM
If HVDC systems are connecting the outage system to the neighboring systems, they can be referred to as the boundary HVDC systems of the outage system. Through boundary HVDC systems, the neighboring systems can export cranking power to the outage system. Therefore, boundary HVDC systems can be regarded as power sources for the outage system. Moreover, they have the following advantages over the conventional generating units, such as thermal power units and hydropower units:
• A boundary HVDC system's t CTP , which represents the time slot from the cranking time t 1 to the paralleling time t 2 , is short. A boundary HVDC system starts quickly by deblocking the converters, ignoring the operations of related equipment, e.g., breakers, filters.
• A boundary HVDC system does not have the time limit for its startup. According to the types of boilers, the startup of thermal generating units is limited by the critical minimum and maximum intervals [8] .
In contrast, boundary HVDC systems do not have such constraints.
• The ramp-up speed of boundary HVDC systems is high. If the neighboring systems can provide sufficient cranking power, boundary HVDC systems can deliver a large amount of power to the outage system within a short time. To use boundary HVDC systems for service restoration, practical startup modes should be selected. The startup characteristics of boundary LCC-HVDC and VSC-HVDC systems differ depending on their physical structures and operating characteristics. Figure 1 shows the startup characteristic of a boundary LCC-HVDC system. At t 1 , the breakers at AC sides of the boundary LCC-HVDC system are closed. The linking AC systems provide the commutation voltage for starting the boundary LCC-HVDC system. From t 1 to t 2 , the rectifier and the inverter of the boundary LCC-HVDC system are deblocked. The right amount of AC filters are picked up. The boundary LCC-HVDC system boosts its output to its nominal capacity C DC at t 3 , which depends on the capacity of the boundary LCC-HVDC system and the spare power of the neighboring systems. The boundary LCC-HVDC system must start with the minimum starting current, e.g., 5% of its rated current I in the unipolar mode [16] . Considering 70% reduced-voltage U for starting a boundary LCC-HVDC system, the minimum starting power can be calculated:
1) STARTUP CHARACTERISTICS OF BOUNDARY LCC-HVDC SYSTEMS
The minimum starting power of the boundary LCC-HVDC system may lead to frequency fluctuation in the outage system. Moreover, during the startup process, the reactive power absorption capacity of the LCC-HVDC system is weak. The excessive reactive power caused by the AC filters may lead to the overvoltage of AC buses. Therefore, a major issue in using boundary LCC-HVDC systems for service restoration is whether the starting active and reactive power leads to the violation of the constraints on frequency and voltage.
2) STARTUP CHARACTERISTICS OF BOUNDARY VSC-HVDC SYSTEMS
The startup characteristic of a boundary VSC-HVDC system is similar to that of a boundary LCC-HVDC system, as shown in Figure 2 . The boundary VSC-HVDC system can operate at zero-power or very low-power levels. Therefore, there is no requirement on the minimum active power during its startup and operation. The output active and reactive power of the boundary VSC-HVDC system can be adjusted flexibly, as long as it does not exceed its capacity and the maximum amount of power provided by the neighboring system. A boundary VSC-HVDC system can supply a passive AC system. If generators in the outage system have not yet been started, boundary VSC-HVDC systems can be considered as blackstart sources for providing cranking power. In contrast, boundary LCC-HVDC systems cannot supply a passive system without additional sources at the receiving end, which provide the needed reactive power and commutating voltage, thus, cannot be used as blackstart units [28] , [29] .
In the early stage of the restoration process, the power system operates at the light-load condition. The excessive reactive power provided by charging current of transmission lines may increase the voltage at the end of transmission lines to an unacceptable level. Boundary VSC-HVDC systems with suitable control modes can absorb the reactive charging power and prevent the overvoltage of transmission lines. Therefore, the utilization of boundary VSC-HVDC systems is beneficial to the security of system restoration.
3) COMPARISON OF STARTUP CHARACTERISTICS BETWEEN BOUNDARY HVDC SYSTEMS AND GENERATING UNITS
Considering boundary HVDC systems can provide power for service restoration, this paper defines the generating units and the boundary HVDC systems as the power sources. The comparison of startup characteristics between boundary HVDC systems and generating units are shown in Table 1 , where P CPR represents the cranking power requirement of the power sources. A boundary HVDC system must deliver VOLUME 7, 2019 P CPR at least during its startup process, whereas a generating unit needs to get P CPR to initiate its startup. In power system restoration, boundary HVDC systems have advantages over generating units in terms of t CTP , the ramping rate and the time limit for startup, which are helpful for shortening the restoration time. However, to start boundary HVDC systems successfully, suitable control methods and the strength of AC systems must be considered.
B. HVDC SYSTEMS WITHIN THE OUTAGE SYSTEM
By adopting parallel restoration, the outage system is partitioned into several subsystems. HVDC systems within the outage system can be served as the transmission lines in subsystems or the tie lines connecting different subsystems.
1) HVDC SYSTEMS SERVED AS TRANSMISSION LINES WITHIN SUBSYSTEMS
By technical requirements, the effects of LCC-HVDC and VSC-HVDC transmission lines on the subsystem restoration are different.
For an LCC-HVDC transmission line, the two terminals must be connected with AC power sources, which provide the commutation voltage for the LCC-HVDC transmission line. Hence, the LCC-HVDC transmission line cannot deliver the cranking power from the restored AC side to start the other AC side. It cannot be used as a transmission path during the restoration process. Based on the above analysis, LCC-HVDC transmission lines are deleted from the candidate set of transmission paths in the determination of the startup sequence of power sources.
For starting a VSC-HVDC transmission line successfully, the capacitances in the DC side must be pre-charged. Common pre-charged strategies include two modes, i.e., charged separately by the AC side sources in two active terminals, and charged sequentially by the AC side sources in one active terminal. Therefore, VSC-HVDC transmission lines can be used as transmission paths to start power sources.
2) HVDC SYSTEMS SERVED AS TIE LINES CONNECTING DIFFERENT SUBSYSTEMS
During the restoration process of subsystems, the HVDC tie lines connecting different subsystems can be restored if their startup constraints are satisfied. Then, the subsystems with fast restoration process can assist other subsystems in accelerating the restoration process. For instance, at some point subsystem 1 with fast restoration process has sufficient cranking power whereas subsystem 2 with slow restoration process has very little. Subsystem 1 can export cranking power to accelerate the restoration process of subsystem 2. Using HVDC tie lines to reconnect subsystems is feasible because of the following reasons.
• Subsystems can be reconnected asynchronously by HVDC tie lines. Compared with the synchronous reconnection by AC tie lines, the restoration time can be saved, and the connection difficulty can be reduced by using HVDC tie lines.
• During the restoration, the outage in one subsystem cannot propagate across the restored HVDC tie lines to affect its neighboring subsystems.
• If the HVDC tie lines are based on VSC, the redundant reactive power of the linking AC system can be absorbed, and the overvoltage is prevented by adopting suitable control strategies.
Based on the analysis mentioned above, using HVDC systems to partition the outage system into several subsystems for parallel restoration has advantages over AC lines. Thus, HVDC systems within the outage system should be considered first as the tie lines among different subsystems then as the transmission lines of subsystems. The restoration of HVDC systems must satisfy their constraints on the reactive and active power, which are described in the next section.
III. FORMULATION A. OBJECTIVE
In this study, a power source is cranked at each stage of power system restoration [9] . Hence, the determination of the startup sequence of power sources is modeled as a multi-stage optimization problem. Since the primary task of power system restoration is to restart the available power sources as quickly as possible and generate as much power as possible, this paper proposes an optimization objective function, which is calculated by the ratio of the generating power of power sources to the restoration time t, i.e.,
where N G is the number of power sources and P G,s (t) denotes the generating power of power source s at time t. It takes the total restoration time T to restore all power units, thus, t ≤ T . For a generating unit, its generating power can be calculated by its startup characteristic in Figure 3 . C G is its rated capacity. The generating unit obtains P CPR from the power system and goes into the startup process at t 1 . From this time, the fuel begins to burn, and the cylinders, boilers, and other equipment start working in the plant. At t 2 , the unit is paralleled in the power grid. It starts providing power for the power system at its ramping rate r until outputs C G at t 3 . Therefore, the generating power of a generating unit is calculated by
where U (X ) is defined as
B. CONSTRAINTS 1) THE ACTIVE POWER VARIATION DELIVERED BY HVDC SYSTEMS
To meet the requirements of the generating unit protection and the low-frequency-low-voltage load shedding, the active power variation P DC delivered by an HVDC system should not lead the system frequency out of the reasonable range, i.e.,
where df s is the frequency response of unit s to load pickup and f N is the rated frequency of the linking AC system. f min and f max are the lower and upper limits of f N . It is worth noting that the frequency fluctuation stemming from the minimum starting power of a boundary LCC-HVDC system should be concerned more during the startup process of the boundary LCC-HVDC system.
2) THE REACTIVE POWER VARIATION CAUSED BY HVDC SYSTEMS
To maintain the voltage of AC buses linking HVDC systems in an acceptable range, the constraints on the reactive power variation Q caused by starting HVDC systems should be accommodated
where S sc is the short-circuit capacity of the AC bus; U min and U max are the lower and upper limits of AC-side bus voltage.
3) THE SHORT CIRCUIT RATIO (SCR)
SCR is introduced to access the strength of the AC system, which is an important requirement for starting HVDC systems. Accounting to the guide for planning DC link made by IEEE, SCR should not be smaller than 3 [30] , i.e.,
where P DC is the delivered rated power of HVDC systems.
4) THE CRANKING POWER REQUIREMENT OF GENERATING UNITS
To restore a nonblackstart unit successfully, the active power provided by the power system should be more than the unit's P CPR . Hence,
where P(t) represents the total spare power provided by the system at t and P CPR,s is the cranking power requirement of unit s.
5) THE CRITICAL TIME INTERVAL OF GENERATING UNITS
For unit s, its outage time should not be longer than its critical maximum interval T H,s , i.e.,
Otherwise, unit s cannot be hot started.
6) THE OUTPUT OF GENERATING UNITS
where P G,s and Q G,s are the active and reactive power outputs of unit s. Variables with superscripts ''max'' and ''min'' are the upper and lower limits of the corresponding parameter, respectively. (13) where P Dn and Q Dn are the active and reactive power demands of the load in AC bus n. Variables with superscripts ''max'' and ''min'' are the upper and lower limits of the corresponding parameter, respectively.
8) THE POWER FLOW
where U n is the voltage of AC restored bus n; G nk and B nk are the conductance and susceptance between AC buses n and k; θ nk is the phase difference between AC buses n and k, P Gn and Q Gn are the injected active and reactive power of the units in AC bus n; P Dn and Q Dn are the injected active and reactive power of the loads in AC bus n; P Sn and Q Sn are the injected active and reactive power of the converters in AC bus n; N b represents the number of AC restored buses; N dc represents the number of DC restored buses; U dcn is the voltage of DC restored bus n'; G dcn k is the conductance between DC buses n' and k'; P Gdcn and P Ddcn are the injected active power of the units and loads in DC bus n'; P Cdcn is the active power from the converters to the DC busn'; P clossn represents the loss of the converters connecting DC bus n'. The transmission power of branch l should not exceed its maximum acceptable value P max l . Equations (14), (15) are used for AC power flow calculation, and equations (16), (17) are used for DC power flow calculation; equations (18) , (19) are the security constraints.
IV. PARALLEL RESTORATION METHOD FOR AC-DC HYBRID POWER SYSTEMS
This paper applies graph theory and proposes a novel method to solve it. First, the outage system is abstracted as a weighted undirected graph. Second, the restoration index of each power source is calculated considering its startup characteristic and the shortest transmission path. Then, the power source with the maximum restoration index is restarted at each stage. Meanwhile, all constraints must be satisfied. Figure 4 shows a flowchart of the proposed parallel restoration method based on graph theory, including 11 main steps:
The first step is to abstract the power system as a weighted undirected graph G = (V , E, W ). Generating-unit, substation, and load buses of the system are modeled as the set of vertices V in the graph. The set of edges E represents transmission lines and transformers. Double-circuit or multi-circuit transmission lines or transformers are abstracted as a single edge in the graph. The weight w(w ∈ W ) of each edge, representing a transmission line or a transformer, is specified with its restoration time.
In the second step, HVDC systems and several AC lines within the outage system are used as the tie lines for partitioning the outage system. The AC tie lines are chosen by using the method proposed in [31] . Boundary LCC-HVDC systems of the system are regarded as nonblackstart units, whereas boundary VSC-HVDC systems are treated as blackstart units.
The third step is to find the shortest transmission path from the restored subsystem G 0 (G 0 ∈G) to the unrestored power sources V G by the Dijsktra algorithm [9] , i.e.,
The fourth step is to calculate the restoration indexs of unrestored power sources and rank them from largest to smallest. According to the objective in (2), the restoration index of the i−th restoration stage is formulated as
where C s ∈ C G , C DC represents the maximum output of power sources, and T s comprises the following three parts:
• the shortest restoration time from the restored system G 0 to the unrestored power source s,
• the t CTP of the unrestored power source s, and • the ramp time of the unrestored power source s. Since the startup process is short and the ramp-up rate is high, the t CTP and ramp time of boundary HVDC systems are ignored.
The fifth step is to select the power source with the largest value f . If there is a power source's T H expiring, the procedure goes into the seventh step. Otherwise, the procedure goes on.
The sixth step is to find any unrestored power source, whose T H will expire in the next stage. If none of the power sources violate their limits to its T H , the procedure goes into the eighth step.
The seventh step is to start the power source, whose T H will expire. The previous chosen power source becomes a candidate objective in the next stage.
The eighth step is to evaluate the constraint on the P CPR of the selected power source. If the cranking power within the subsystem is enough, the procedure goes on. Otherwise, it goes into the tenth step.
The ninth step is to evaluate the constraints of starting boundary HVDC systems, including the variation of the active power and reactive power, and the SCR of the connecting AC systems. If the constraints are satisfied, the procedure goes into the last step. Otherwise, it returns to the fifth step. The previous chosen power source will be assessed in the next stage.
The tenth step is to calculate the cranking power provided by neighboring subsystems via HVDC tie lines. The constraints on the HVDC tie lines and the P CPR of the selected power source are evaluated. If the constraints are satisfied, the procedure goes into the last step. Otherwise, the chosen power source is deleted from the candidate set of power sources in this stage. The procedure returns to the fifth step.
The eleventh step is to verify the feasibility of this stage by power flow. The output of boundary HVDC systems is determined by (5)- (7), while that of generating units is calculated by (3) and (4). Since picking up loads is to balance the generating power and not the main task during the process of starting power sources, only the loads connecting to the restored system are considered for the power flow calculation. Then, the procedure turns to the third step until all power sources are restored.
V. CASE STUDIES A. 11-BUS TEST SYSTEM
An 11-bus test system, shown in Figure 5 , is used as a benchmark system for analyzing the impacts of using HVDC systems during the system restoration. In this benchmark system, there are six generating units, including G11, G12, G13, G21, G22, and G23. The startup characteristics of the generating units are shown in Table 2 . All branches are AC lines, whose restoration time is 5 min. Assume that this system occurs a blackout.
1) THE OUTAGE SYSTEM WITH BOUNDARY HVDC SYSTEMS
In this case, G21 is replaced by a boundary VSC-HVDC system, namely H21. A neighboring system can provide power up to 550 MW for this outage system through H21. G11 is the blackstart unit, whereas other units are nonblackstart units.
Scheme 1 aims to restore boundary HVDC systems in the last stage. In this system, G11 exports the cranking power for cranking other power sources. H21 is restored following the restoration of all generating units. With the objective in (21), VOLUME 7, 2019 FIGURE 5. 11-bus test system. the startup sequence of power sources is obtained by using the greedy algorithm shown in Table 3 . Scheme 2 aims to use boundary HVDC systems to help the startup of generating units during the restoration process. According to the blackstart ability of H21, this system is partitioned into two subsystems by lines 12-23 and 15-25. Each subsystem applies the greedy algorithm to determine the startup sequence of power sources, as shown in Table 4 . The T of scheme 1 is 62.5min, whereas that of scheme 2 is 40min. The result shows that the restoration time of scheme 2 is 36% shorter than that of scheme 1. The key factors in the restoration time of these two schemes are the cranking time of G13 and G23. In scheme 1, the startup of G13 and G23 depends on the output of G11 and G22. However, the low ramp rates of G11 and G22 delay the time for restarting units G13 and G23. In scheme 2, the system adopts the parallel restoration strategy by taking advantage of H21. The boundary VSC-HVDC system in bus 21 delivers considerable power for restarting G23 rapidly.
2) EXISTING HVDC TIE LINES AMONG SUBSYSTEMS
To illustrate the effects of HVDC tie lines on service restoration, AC line 15-25 in Figure 5 is replaced by an HVDC. In this case, the outage system is partitioned into two subsystems by AC tie line 12-23 and DC tie line 15-25. G11 is the blackstart unit of subsystem 1, and G21 is the blackstart unit of subsystem 2. Scheme 1 is obtained by the parallel restoration for AC power systems, i.e., to reconnect subsystems synchronously following the independent restoration stage of each subsystem. In subsystem 1, G11 exports the cranking power to G12 and G13. In subsystem 2, G22 and G23 obtain the cranking power from G21. Lines 12-23 and 15-25 are restored to connect these two subsystems in the last stage. Table 5 shows the startup sequence of generating units based on the parallel restoration method for AC power systems. The total restoration time T is 40min.
Scheme 2 is to apply the proposed parallel restoration method, considering the use of HVDC tie lines among subsystems. In this scheme, the startup sequence of the generating units is shown in Table 6 . The total restoration time T is 28min. HVDC tie line 15-25 is restored for connecting these two subsystems at 27min. Before 22min, the restoration processes of the two schemes are the same. However, in scheme 1, G13 only obtains the cranking power from G11. Since the ramp rate of G11 is low, G13 waits 25min until the constraint on P CPR is satisfied. In scheme 2, G21 and G22 in subsystem 2, which exists spare cranking power, support subsystem 1 via the restored HVDC tie line 15-25. The results show that the total restoration time of scheme 2 is 30% shorter than that of scheme 1.
B. A MODIFIED IEEE 39-BUS TEST SYSTEM 1) SYSTEM DESCRIPTION
To verify the effectiveness of the proposed parallel restoration method, this paper modifies the IEEE 39-bus test system, as shown in Figure 6 . There are two blackstart generating units at buses 30 and 33, and six nonblackstart generating units at buses 31, 34, 35, 36, 38 , and 39 in this system. Also, buses 32 and 37 are connected to different neighboring power systems by boundary LCC-HVDC systems, namely H32 and H37. The capacity of the minimum filer at bus 32 and 37 is set as 25Mvar and 20Mvar, respectively. The startup characteristics of power sources in this system are shown in Table 7 . The frequency response characteristics of generating units are set as [32] , whereas those of the boundary HVDC systems are set as 0. The number of branches is 46. Branch 16-17 is a VSC-HVDC system in this case, and the other branches include AC transmission lines and AC transformers. The restoration time of each branch is shown in Table 8 . f max and f min are set as 0.5Hz and −0.5Hz, respectively. The upper and lower limits of all bus voltages are set as 0.1p.u. and −0.1p.u., respectively. First of all, this system is partitioned into two subsystems by HVDC tie line 16-17, and AC lines 2-3, 8-9, and 17-18. G30 is the blackstart unit in subsystem 1, and G33 is the blackstart unit in subsystem 2. 
2) RESTORATION RESULT
The proposed parallel restoration method is applied to obtain the startup sequence of the power sources (scheme 1), as shown in Table 9 . It takes 39min to crank all power sources of this system. In the first restoration stage of subsystem 1, the restoration index of power source H37, i.e., the boundary LCC-HVDC system at bus 37, is the largest. However, the received system, i.e., subsystem 1, is weak at the moment. During starting H37, the minimum starting power does not satisfy constraint (5), and Q does not satisfy constraint (6) . Hence, the suboptimal objective G38 is selected. In the second stage, H37 is cranked since constraints (5)- (7) are satisfied. Before the reconnection of subsystem 1 and subsystem 2, all of the power sources in subsystem 1 have been cranked, as shown in Table 10 (a). After 21min, branches 26-27 and 17-27 are restored sequentially for preparing to connect subsystem 2. In subsystem 2, H32 cannot be restarted since its startup does not meet constraints (5)- (7) before the third stage. In addition, the T H of G34 is low. If G34 is determined to be restarted after the first stage, its T H would expire. It means that G34 cannot be hot started later in the restoration process. Therefore, although the restoration index of G34 is small, G34 should be cranked in the first stage. Before the reconnection of subsystems, power sources G34, G36 and H32 have been cranked, as shown in Table 10 (b).
In the fourth stage of subsystem 2, G35's restoration index is larger than G31's. However, it needs much cranking power for its startup. Cranking power in subsystem 1 is considered to use for cranking G35 by this method. At 31min, subsystem 1 and subsystem 2 are reconnected by restoring branch [16] [17] . From this moment, subsystem 1 starts exporting the cranking power to support subsystem 2. The subsequent restoration process is shown in Table 10 (c). In branch 16-17, the rectifier adopts the constant power control strategy, and the inverter adopts the constant DC voltage control strategy.
3) COMPARISON AND DISCUSSION
To illuminate the advantages of the proposed parallel restoration method, this paper compares it with the parallel restoration method for AC power systems. The process of the parallel restoration for AC power systems includes three stages, i.e., partitioning, restoration of each subsystem, and synchronous reconnection. Meanwhile, the HVDC systems are considered to be restored at last. The restoration scheme (scheme 2) obtained by the parallel restoration method for AC power systems is shown in Table 11 , and the total restoration time T is 59min. The compare result of the parallel restoration schemes by using different methods is shown in Figure 7 . Before 17min, the generating power of these two schemes are identical on account of the same startup sequence of power sources. By using the proposed method, H37 and H32 are restored, respectively, at 17min and 28min. The outage system can get much cranking power from neighboring system 1 and system 2 in a short time. Therefore, the generating power of the scheme obtained by the proposed method is more than that of scheme 2.
On the other hand, the total restoration time T is a significant index for evaluating the restoration schemes. Compared with scheme 2, scheme 1 saves 34 percent of restoration time. In scheme 2, G35 only obtains the cranking power from the restored generating units in subsystem 2, including G31, G33, G34, and G36. However, the ramp rates of the restored generating units except G33 are low. Therefore, G35 cannot get enough power satisfying the constraint on its P CPR before 56min. Consideration of other uncertain factors, G35 cannot be hot started probably. In scheme 1, H32 delivers the cranking power from neighboring system 1 to G35 as soon as possible. Moreover, G35 gets 80MW from subsystem 1 via HVDC tie line 16-17. Scheme 1 saves 22 minutes to restart G35.
The comparison indicates that by using HVDC systems, the outage AC-DC hybrid power systems can not only obtain the cranking power rapidly from the neighboring systems but also allocate the cranking power scientifically into different subsystems. Thus the proposed method helps shorten the restoration time of the outage system and improve the restoration efficiency.
VI. CONCLUSION
This work studies parallel restoration of AC-DC hybrid power systems. The effects of LCC-based and VSC-based HVDC systems on power system restoration are analyzed and incorporated into the optimization model. A graph-theoretic algorithm is proposed. The boundary HVDC systems are considered as power sources, and the HVDC tie lines are used to coordinate subsystems. Simulation results demonstrate the effectiveness of the proposed method.
Distributed generators and energy storage systems are connected into the distribution systems, and DC distributed networks and microgrids are being built, which can be used to support service restoration of the transmission system. Methods to use distributed generators and microgrids for service restoration and resilience enhancement in distribution systems have been studied in recent years [33] - [35] . In future work, active distribution systems will be considered to assist the transmission system restoration. The coordinated restoration method of transmission and distribution systems will be explored. Meanwhile, the coupling of multiple infrastructures should be considered into the coordinated restoration method.
For instance, the gas cannot be delivered to the gas generating units since the communication system may be failure in the blackout. The gas units cannot supply the cranking power for system restoration.
